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Here we report the magnetic properties of the layered cobalt oxide system, 
LixCoO2, in the whole range of Li composition, 0 ≤ x ≤ 1. Based on dc-magnetic 
susceptibility data, combined with results of 59Co-NMR/NQR observations, the 
electronic phase diagram of LixCoO2 has been established. As in the related material 
NaxCoO2, a magnetic critical point is found to exist between x = 0.35 and 0.40, which 
separates a Pauli-paramagnetic and a Curie-Weiss metals. In the Pauli-paramagnetic 
regime (x ≤ 0.35), the antiferromagnetic spin correlations systematically increase with 
decreasing x. Nevertheless, CoO2, the x = 0 end member is a non-correlated metal in the 
whole temperature range studied. In the Curie-Weiss regime (x ≥ 0.40), on the other 
hand, various phase transitions are observed. For x = 0.40, a susceptibility hump is seen 
at 30 K, suggesting the onset of static AF order. A magnetic jump, which is likely to be 
triggered by charge ordering, is clearly observed at Tt ≈ 175 K in samples with x = 0.50 
(= 1/2) and 0.67 (= 2/3), while only a tiny kink appears at T ≈ 210 K in the sample with 
an intermediate Li composition, x = 0.60. Thus, the phase diagram of the LixCoO2 
system is complex, and the electronic properties are sensitively influenced by the Li 
content (x).  
 
PACS numbers: 71.27.+a, 71.30.+h, 75.30.Kz 
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I. INTRODUCTION 
 
The layered cobalt oxide system, NaxCoO2, has attracted a great deal of attention for 
various unconventional electronic properties. The crystal of NaxCoO2 consists of a 
single-atomic Na layer sandwiched by two CoO2 layers [1]. Cobalt atoms in the CoO2 
layer form a triangular lattice that is likely to involve complicated magnetic interactions. 
It is known that NaxCoO2 shows a wide range of Na nonstoichiometry [1], and 
properties of NaxCoO2 strongly depend on the Na content (x). As x decreases, the 
average valence of cobalt increases toward +4 such that the concentration of magnetic 
CoIV (S = 1/2) gradually increases in a nonmagnetic CoIII (S = 0) matrix. In NaxCoO2, 
antiferromagnetic (AF) ordering is suppressed by geometrical frustration in the cobalt 
triangular lattice that may cause intriguing electronic/magnetic behaviors. At about x = 
0.7, NaxCoO2 exhibits unusually large thermoelectric power and metallic conductivity 
simultaneously [2]. An increase in x only by 0.05 (i.e. at x = 0.75) leads to a drastic 
enhancement in thermoelectric power [3,4] and induces a spin-density-wave state below 
Tm = 22 K [5]. In the lower Na content regime, the x ≈ 0.35 member readily absorbs 
water, and the resultant hydrated derivative NaxCoO2 ⋅ yH3O+ ⋅ y’H2O becomes a 
superconductor with Tc = 4.5 K [6]. It was also found [7] that the electronic phase 
diagram of the NaxCoO2 system is divided into two distinct regimes: one for the 
Curie-Weiss metal with x > 0.5 and the other for the Pauli-paramagnetic metal with x < 
0.5, and a charge-ordered state of poor electrical conduction appears at x = 0.5, in 
between these two regimes.  
 
Despite the extensive research in previous works, there still remain several 
important issues. First, properties have been unknown in the low x regime, i.e. x < 0.25, 
due to the difficulty in sample syntheses. The chemical oxidation of NaxCoO2 (x ≈ 0.7) 
was previously examined by means of oxidizing reagents including Br2 and NO2BF4, 
but the attainable x was limited down to 0.15 [8]. For deeper understanding of the 
electronic structure of NaxCoO2, information on this compositional regime is highly 
desirable. Particularly, CoO2, the x = 0 end member is important since it can be 
considered as a parent phase of NaxCoO2. It is remarkable to see how the electronic 
structure evolves upon electron doping into the “non-doped” CoO2 phase, in order to 
construct an appropriate theoretical model for the intriguing properties of NaxCoO2. 
Second, it has remained unclear whether the triangular CoO2 lattice always exhibits 
various unconventional properties as reported for NaxCoO2. Previous structural studies 
revealed [9-11] that Na ions in NaxCoO2 tend to form superstructures with characteristic 
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Na contents. It is suggested that the formation of superstructures obscures the intrinsic 
nature in the triangular CoO2 lattice, as a Coulomb potential due to long-range Na-ion 
order may influence the adjacent CoO2 layer.  
 
To address these issues, we focused on the layered cobalt oxide, LixCoO2. This 
compound is regarded as a related material of NaxCoO2, as both LixCoO2 and NaxCoO2 
contain the triangular CoO2 layers in common. It was reported that Li nonstoichiometry 
in LixCoO2 can be widely controlled through electrochemical technique [12,13]. Note 
that LixCoO2 is one of the representative cathode materials for the Li-ion secondary 
battery owing to its excellent capability of electrochemical de-intercalation of Li. 
Recently, we successfully obtained single-phase polycrystalline samples of CoO2 [14] 
and LixCoO2 [15] through electrochemical de-intercalation of Li from pure LiCoO2 (x = 
1.0) bulks. Approximately 50 – 100 mg of phase-pure sample enabled us to perform 
precise physical property measurements. Here, we report the magnetic properties of 
LixCoO2 in the whole range of Li composition, 0 ≤ x ≤ 1. Based on dc-magnetic 
susceptibility data, combined with results of our recent 59Co-NMR/NQR observations 
[16], the electronic phase diagram of LixCoO2 is established. Our result covers a missing 
area in the phase diagram of NaxCoO2 and thus contributes to the comprehensive 
understanding of physics in the triangular CoO2 lattice. In addition, we compare the 
phase diagram of LixCoO2 with that of NaxCoO2 to highlight similarities and differences 
between the two systems. The different features in the two systems are discussed from 
the crystallographic point of view.  
 
 
II. EXPERIMENTAL 
 
Polycrystalline samples of LixCoO2 and CoO2 (x = 0.0) were synthesized through 
electrochemical de-intercalation of Li from pristine LiCoO2, as described elsewhere 
[14,15]. Approximately 100 mg of single-phase LiCoO2 pellet was electrochemically 
oxidized with a constant current of 0.1 mA (= 0.13 mA/cm2) in an airtight flat cell filled 
with a nonaqueous electrolyte. No auxiliary agents were added to the bulk pellet to 
avoid any magnetic noise sources. For each sample, the Li content (or the amount of Li 
ions to be extracted, i.e. 1-x) was precisely controlled by the reaction duration based on 
Faraday’s law with an assumption that the full amount of electricity due to the current 
was used for the electrochemical de-intercalation of Li. Typically, a 100-mg sample was 
charged with I = 0.1 mA for 137, 178, 241, and 274 hours to obtain the x = 0.50, 0.35, 
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0.12, and 0.0 (i.e. CoO2) phases, respectively.  
 
Since high-valent cobalt oxides tend to experience chemical instability when 
exposed to atmospheric moisture, sample handling and characterization were carefully 
made. After the electrochemical procedure, the samples were washed with anhydrous 
dimethyl carbonate in an argon-filled glovebox and then encapsulated to prevent 
exposure to air. XRPD analysis was carried out for electrochemically treated samples, 
which were set in an airtight sample holder filled with argon gas. The Li content (x) in 
the pristine and electrochemically treated samples was determined by means of 
inductively coupled plasma-atomic emission spectroscopy (ICP-AES). Magnetic 
susceptibility (χ) was measured using a SQUID magnetometer (MPMS-XL; Quantum 
Design) in a temperature range between 2 and 300 K under a magnetic field of H = 10 
kOe. An as-encapsulated sample was put in a cryostat for magnetic measurements: the 
contribution from the capsule to the magnetic data was accordingly subtracted. For each 
Li composition, the magnetic measurements were performed on several samples to 
check reproducibility. Thermal behaviors were studied on some selected samples by 
means of differential scanning calorimetry (DSC). The measurements were carried out 
with commercial equipment (Diamond DSC; Perkin Elmer) in a temperature range 
between 104 and 283 K.  
 
 
III. RESULTS 
 
III.1. Phase stability of Li-deficient LixCoO2 phases 
 
The phase stability of Li-deficient LixCoO2 has been studied extensively for its 
importance as a cathode material in Li-ion secondary batteries. In a commercial battery, 
the LiCoO2 cathode is usually cycled with an upper cutoff voltage of about 4.2 V with 
respect to Li metal, corresponding to extraction/insertion of 0.5 Li per LiCoO2. The 
electrochemical behavior is well established for 1.0 ≥ x ≥ 0.5 [17,18], whereas it has not 
been fully understood for lower Li contents below 0.5. To clarify the phase evolution 
upon de-intercalation of Li from LiCoO2, we measured the quasi-open-circuit voltage 
(OCV) of the LixCoO2/Al cell as a function of x (Fig. 1). In this experiment, the cell 
voltage was measured with a repeated sequence of having a current of 0.1 mA turned on 
(for 1 h) and off (for 1 h). Here, the quasi-OCV is the relaxed voltage recorded when the 
current is off. It is considered that OCV is closely related to the chemical potential of 
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the LixCoO2 cathode. With decreasing x, the OCV value increases in a nonlinear manner, 
implying that the structural phase diagram of LixCoO2 is somewhat complex.  
 
To interpret the OCV data, the x-derivative of OCV, i.e. dV/dx, is plotted against x 
(Fig. 2). A steep decrease in dV/dx indicates a voltage plateau caused by two-phase 
coexistence. In Fig. 2, we see five prominent dips in the dV/dx–x plot at x = 0.94 – 0.75, 
≈ 0.55, ≈ 0.48, ≈ 0.36, and 0.25 – 0.12. The first dip at x = 0.94 – 0.75 corresponds to 
the biphasic regime that has been widely recognized [17-19]. The second and third dips 
(x ≈ 0.55 and ≈ 0.48, respectively) are located in the vicinity of x = 1/2, at which the 
monoclinic phase with Li/vacancy ordered structure appears [20]. It is thus likely that 
these anomalies are triggered by a strong tendency for Li/vacancy (1:1) ordering. The 
fourth dip at x ≈ 0.36 is seen just above a fractional composition of x = 1/3. One may 
anticipate that it is also related to Li/vacancy (1:2) ordering as predicted by 
first-principles calculations, although a recent structural study evidenced no signature of 
Li/vacancy ordering in the x = 0.35 sample [21]. We note that, as we will see later, the 
magnetic property clearly changes around this composition. The fifth dip at x = 0.25 – 
0.12 is inexplicable due to its broadened feature. With this result, it is not possible to 
determine the position of phase boundaries without ambiguity. In fact, the 
electrochemical behavior below x ≈ 1/3 is controversial among previous literatures 
[18,22-24].  
 
Based on the present OCV experiment, combined with ex-situ XRPD analysis on 
samples with several Li compositions, the structural phase diagram of the LixCoO2 
system has been constructed (Fig. 2). There exist seven distinct phases in the LixCoO2 
system. These phases are accordingly called as O3-R1 ~ R4, O3-M, H1-3, and O1, based 
on their crystallographic features (see below). Our phase diagram is in a good 
agreement with that previously reported, especially for the Li-rich compositions 
[17-19,22]. For x < 0.5, on the other hand, several new aspects can be pointed out. (1) A 
biphasic region could exist at x = 0.35 – 0.40 (i.e. the fourth dip in the dV/dx–x plot). It 
has not been reported in previous works. (2) The H1-3 phase forms within a narrow 
range of x, probably only at x = 0.12. This result does not agree with the first principles 
calculations by Van der Ven et al. [25], who claimed that the H1-3 structure may be 
stable for Li contents between x = 0.12 and 0.19. (3) The O1 structure appears only at x 
= 0. A well-defined phase does not exist for 0 < x < 0.12.  
 
Polycrystalline LixCoO2 samples of x = 0 (i.e. CoO2), 0.12, 0.35, 0.40, 0.50, 0.60, 
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0.67, 0.70, and 1.0 (i.e. pristine LiCoO2) were synthesized. XRPD patterns for the 
samples are shown in Fig. 3. As anticipated from the phase diagram, all the samples are 
of single-phase. Sharp diffraction peaks throughout the XRPD patterns ensure that our 
LixCoO2 and CoO2 samples are chemically homogenous with good crystallinity. For x = 
0.35, 0.40, 0.60, 0.67, 0.70, and LiCoO2, diffraction peaks are readily indexed based on 
rhombohedral space group R-3m. These samples crystallize in a so-called O3-type 
structure, in which Li ions occupy an octahedral site with three CoO2 layers per unit cell 
(= O3-R phase) [26,27]. The x = 0.5 phase also possesses the O3-type structure, but it 
belongs to a monoclinic system of space group P2/m (= O3-M phase) due to Li/vacancy 
(1:1) ordering [20]. On the other hand, layer-stacking sequences of CoO2 and x = 0.12 
are totally different. The CoO2 phase crystallizes in a hexagonal structure of space 
group P-3m1 containing a single CoO2 layer only per unit cell (= O1 phase) [22,27]. 
The crystal of x = 0.12 is reported to consist of alternate stacking of a Li-intercalated 
O3-type block (as in LiCoO2) and a Li-free O1-type block (as in CoO2), leading to a 
six-CoO2-layer unit cell that is called “H1-3” [23,24]. For all the samples, Li content (x) 
determined by ICP-AES, lattice parameters, and interlayer distance are summarized in 
Table I. The actual Li contents are in excellent agreement with the nominal values, 
indicating that the full amount of electricity due to the current was used for Li 
de-intercalation from LiCoO2. The lattice parameters of our samples are consistent with 
those in previous literatures [20-24].  
 
 
III.2. Magnetic properties  
 
Figure 4 shows the dependence of magnetic susceptibility (χ) on temperature for 
samples with lower Li contents, x = 0 (CoO2), 0.12, 0.35, and 0.40. The susceptibility of 
CoO2 (red symbols in Fig. 4) is nearly constant in a temperature range between 50 and 
300 K, and it rapidly increases below 50 K. Although the χ – T curves of the x = 0.12, 
0.35 and 0.40 samples look similar to that of CoO2, the magnetic behavior is clearly 
different among these samples, as exemplified by the normalized χ – T plots shown in 
Fig. 5. For CoO2, the χ value slightly increases as temperature decreases until the upturn 
starts to grow, while the susceptibility of x = 0.35 (purple symbols) decreases with 
decreasing temperature and reaches a broad minimum at around 100 K. The positive 
slope above 100 K suggests the existence of a broad peak at high temperatures. For x = 
0.40 (orange symbols), a small hump is seen at 30 K, suggesting the onset of magnetic 
ordering. Furthermore, this sample shows a more prominent upturn than the other three 
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samples. Also, one may notice that the normalized χ(T) for x = 0.12 (blue symbols) 
perfectly coincides with that for CoO2 at high temperatures, while it deviates slightly 
below ∼100 K. The deviation was well reproducible, although it is very small.  
 
In Fig. 6, χ – T curves for samples with the higher Li contents, x = 0.50, 0.60, 0.67, 
0.70, and 1.0 (LiCoO2) are presented. The susceptibility of pristine LiCoO2 is small in 
magnitude and little dependent on temperature, as the constituent CoIII is in 
nonmagnetic low-spin state (S = 0). This result is in good agreement with those 
previously reported [28]. On the other hand, the Li-deficient samples exhibit 
complicated magnetic behaviors. For x = 0.67 and 0.70, the χ value slightly increases 
with lowering temperature and then suddenly decreases at Tt = 175 ~ 185 K. The 
magnetic anomaly involves temperature hysteresis of ΔT = 4 K between the heating and 
cooling curves. The x = 0.50 sample also shows a magnetic jump at about 175 K, as 
reported previously [29-31]. However, the feature is somewhat different from that of x = 
0.67 and 0.70: the hysteresis width is much larger for x = 0.50 (ΔT ≈ 20 K) than for x = 
0.67 and 0.70. Importantly, it appears that the magnetic anomaly at Tt ≈ 175 K is absent 
in the sample with an intermediate Li composition, i.e. x = 0.60. Instead of the 
remarkable magnetic jump, the x = 0.60 sample exhibits a tiny kink at T ≈ 210 K. These 
facts suggest that the magnetic anomaly in x = 0.50 is inherently different from that in x 
= 0.67 and 0.70.  
 
To clarify the nature of this magnetic anomaly, DSC curves were recorded for the x 
= 0.50 and 0.67 samples (Fig. 7). Both in the two samples, latent heat is clearly 
observed at the magnetic anomaly point (Tt = 175 ~ 185 K), indicating that the anomaly 
is triggered by a first-order phase transition. For x = 0.67, both the endothermic and 
exothermic peaks appear in the heating and cooling curves, respectively, whereas the 
exothermic peak is hardly seen in the x = 0.50 sample. This is consistent with the fact 
that the magnetic jump is significantly broadened upon cooling in this sample (see green 
curves in Fig. 6). The latent heat ΔH is estimated from the endothermic peak area to be 
82.2 and 272 J/mol for x = 0.50 and 0.67, respectively. Thus, the value of ΔH is three 
times larger for x = 0.67 than x = 0.50. Mukai et al. reported muon-spin spectroscopy 
experiments on Li-deficient LixCoO2 and suggested that the transition at Tt ≈ 175 K is 
not magnetic but originated from either charge ordering or a change in the spin state 
[30]. Previous transport measurements by Ménétrier et al. revealed [19] that the x = 0.70 
phase exhibits a rapid decrease in electrical conductivity below Tt, indicating a 
reduction of the carrier density at low temperatures. Taking into account these results, as 
7 
 
well as the fact that the magnetic anomaly appears only in the vicinity of fractional Li 
contents, it is reasonable that the transitions are likely to be triggered by charge 
ordering.  
 
The χ – T plots were fitted with the following formula:  
χ = χ0 + C/(T − Θ)  (1) 
where χ0, C, and Θ denote a constant susceptibility, the Curie constant, and the Weiss 
temperature, respectively. For x = 0.50, 0.60, 0.67, and 0.70, least-square fits were 
carried out in a limited temperature range between 2 and 150 K, since the χ – T curves 
deviate from Eq. (1) due to the existence of magnetic anomalies. Also, the data of the x 
= 0.35 sample was fitted only below 100 K, as the χ value gradually increases at 
elevated temperatures. The Weiss temperature Θ is always negative and small in 
magnitude (= −1 ~ −5 K), being independent of the Li content (x). In Fig. 8(a), χ0 is 
plotted as a function of x. The magnitude of χ0 linearly increases with decreasing x, 
except for x = 0.50, 0.67, and 0.70, at which χ0 is reduced due to the presence of the 
magnetic jump at Tt ≈ 175 K. It has been reported [19] that pristine LiCoO2 is a band 
insulator, and hole doping through Li de-intercalation leads to metallic conductivity. 
The relatively large χ0 in Li-deficient LixCoO2 is thus attributed to a Pauli-paramagnetic 
component. The increase in χ0 with decreasing x implies the enhancement in the density 
of states at the Fermi level [D(εF)]. The D(εF) value is calculated at 13 electrons /eV for 
CoO2, assuming that the difference in magnitude of χ0 between CoO2 and LiCoO2 
phases corresponds to the Pauli-paramagnetic contribution [14,15].  
 
From the C value, the effective magnetic moment μeff is readily calculated and 
plotted in Fig. 8(b) as a function of x. In this figure, blue circles denote μeff per Co (i.e. 
all the cobalt atoms are considered equivalent), and red squares are μeff per CoIV, under 
the assumption that only CoIV spins contribute and all other CoIII are nonmagnetic with 
S = 0. It can be seen that the magnitude of μeff gradually increases and saturates with 
decreasing x, then it drops abruptly when the Li content is smaller than x = 0.40. The 
μeff value for x ≤ 0.35 is indeed comparable to that for pristine LiCoO2 which contains 
nonmagnetic CoIII only. We thus interpret that the small effective moment of the x ≤ 
0.35 samples that gives the low-temperature upturn is due to an extrinsic cause, e.g. 
lattice defects. This is supported by our recent 59Co-NMR/NQR experiment in which 
the Curie term is not seen in the Knight shift for x ≤ 0.35 [16]. Assuming that the upturn 
is attributed to S = 1/2 localized spins, their concentration is estimated at 0.5 ~ 0.8%. 
The magnetism of LixCoO2 with x ≤ 0.35 is featured with a temperature-independent 
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susceptibility with a relatively large value for χ0, strongly suggesting that the 
compounds are Pauli-paramagnetic metals with itinerant electrons. The similarity in the 
μeff value between the x ≤ 0.35 samples and pristine LiCoO2 implies that the 
concentration of lattice defects has remained almost unchanged even after the 
electrochemical oxidation procedure. Thus, the interpretation that the relatively large 
μeff for 0.70 ≥ x ≥ 0.40 also stems from an extrinsic source is inappropriate. It is more 
reasonable to conclude that the magnetic moment intrinsically forms in this composition 
range: i.e. LixCoO2 behaves as a “Curie-Weiss metal”, although the magnitude of μeff (= 
0.28 ~ 0.35 μB/CoIV) is somewhat small.  
 
 
IV. DISCUSSION 
 
IV-1. Electronic phase diagram of the LixCoO2 system  
 
The present study has evidenced that the electronic state of LixCoO2 is sensitively 
influenced by the Li content, x. A distinct change in the magnetic behavior is found to 
take place at a critical Li content, xc = 0.35 ~ 0.40: the magnetism looks like of 
Curie-Weiss type for x ≥ 0.40, while it is paramagnetic with relatively large χ0 for x ≤ 
0.35. It is important to note that a similar critical point is seen in the NaxCoO2 system 
[7]. The similarity implies that the essential physics may be identical in the both 
systems. In NaxCoO2, the electronic phase diagram is divided into two regimes at xc ≈ 
0.5. The transport properties in the paramagnetic regime (x < 0.5) are more conventional 
than those in the Curie-Weiss regime (x > 0.5) [7]. In the latter, thermoelectric power is 
greatly enhanced by a large spin-entropy component [32]. The properties in the 
Curie-Weiss regime are anomalous from the viewpoint of a conventional metal. Note 
that unusually large thermoelectric power is also reported for LixCoO2 in the 
“Curie-Weiss type” regime, i.e. S300K = 75 μV / K for x = 0.7 [19].  
 
Recently, we performed 59Co-NMR/NQR observations on CoO2 (x = 0.0) and 
LixCoO2 (x = 0.12 – 0.35) [16]. Our 59Co-NMR/NQR studies revealed a complex nature 
in the electronic phase diagram in the low Li content regime. It was found that 
antiferromagnetic-like fluctuations develop and a crossover to a Fermi-liquid regime 
occurs below a characteristic temperature T*, when the Li content is smaller than x = 
0.35. Remarkably, T* is found to decrease from ~50 K for x = 0.25 to ~7 K for x = 0.12, 
indicating that a sample with smaller x is closer to magnetic instability. Nevertheless, 
9 
 
CoO2, the x = 0 end member is a conventional metal that well conforms to the Fermi 
liquid theory. The 59Co-NMR/NQR results demonstrate that the properties of the CoO2, 
x = 0.12, and 0.35 phases are obviously dissimilar in terms of spin correlations. Thus, 
the slightly different magnetic behaviors exemplified in Fig. 5 would be attributed to the 
change in the spin dynamics. It should be noted that our NMR/NQR results are not in 
agreement with those of de Vaulx et al. (Ref. 33), who claimed that CoO2 is an itinerant 
metal with clear signs of strong electron correlations.  
 
On the basis of the dc-magnetic susceptibility data, together with the 
59Co-NMR/NQR results, the electronic phase diagram of the LixCoO2 system has been 
established (Fig. 9). The most prominent feature is a rich variety in electronic properties. 
In fact, a magnetic critical point is found to exist between x = 0.35 and 0.40, which 
separates a Pauli-paramagnetic and a Curie-Weiss metals. In the Pauli-paramagnetic 
regime (x < xc), a magnetic crossover takes place at the characteristic temperature T*: 
antiferromagnetic (AF) fluctuations develop above T*, and T* tends to be lowered with 
decreasing x. Although the magnetic crossover could not be observed for x = 0.35 below 
150 K, the susceptibility data (Fig. 5) suggest that electron correlations would develop 
at higher temperatures. This means that LixCoO2 in the low Li content regime is 
regarded as an itinerant metal involving electron correlations, and the spin fluctuations 
are enhanced when approaching x = 0. This is consistent with the picture that members 
of AxCoO2 (A = Li, Na) with small x can be viewed as a doped spin-1/2 system. On the 
other hand, CoO2, the x = 0 end member is a conventional metal in the whole 
temperature range studied. The disappearance of electron correlations in CoO2 is 
somewhat surprising. The weakly correlated nature in CoO2 is believed to originate 
from the abrupt change in the crystal structure. The crystal of CoO2 is less anisotropic, 
since there is no “spacer” layer between two adjacent CoO2 blocks. A more three 
dimensional electronic structure is likely to suppress the spin fluctuations in CoO2.  
 
For x > xc, the effective magnetic moment is now significant: it is considered that 
LixCoO2 behaves as a “Curie-Weiss metal”. Like NaxCoO2, large thermoelectric power 
and metallic conductivity are simultaneously observed in this regime [19]: the 
properties are thus more anomalous than those in the Pauli-paramagnetic regime (x < xc). 
Another characteristic feature in this regime is the appearance of various phase 
transitions, depending on the Li content. For x = 0.40, a susceptibility hump is seen at 
30 K, suggesting the onset of static AF order. The possibility that the hump is due to 
magnetic impurities (such as Co3O4) can be ruled out, since the hump was seen in 
10 
 
samples only with x = 0.40 and it never appeared in other Li compositions. Details in 
this magnetic behavior are still unclear, and further investigations are necessary. Except 
for x = 0.40, static magnetic order seems to be absent in the LixCoO2 system. This is in 
contrast to the NaxCoO2 system where AF spin arrangement is detected at x = 0.5 [7] 
and ≥ 0.75 [5,34].  
 
On the other hand, first-order phase transitions are observed at x = 0.50, 0.67, and 
0.70. The transitions are likely to involve charge ordering in the vicinity of fractional Li 
contents at x = 0.50 (= 1/2) and 0.67 (= 2/3). From the magnitude of latent heat (ΔH), 
the transition entropy is readily estimated: ΔS = 0.47 and 1.49 J/K mol for x = 0.50 and 
0.67, respectively. These values are much smaller than the theoretical values of “mixing 
entropy”, i.e. ΔSmixing = −R (1/2 ln 1/2 + 1/2 ln 1/2) = 5.76 J/K mol and −R (1/3ln 1/3 + 
2/3 ln 2/3) = 5.29 J/K mol for x = 1/2 and 2/3, respectively [35]. The smaller ΔS values 
suggest that the charge ordering may be incomplete: cobalt species separate into two 
states with decimal valence numbers (= charge disproportionation, e.g. 2Co+3.5 → 
Co+3.5+δ + Co+3.5−δ), or only a part of carriers are localized below Tt. These speculations 
are in good agreement with the fact that the χ0 value (i.e. Pauli-paramagnetic 
component) is finite in the x = 0.50, 0.67, and 0.70 samples. Indeed, incomplete or 
partial localization of electrons has also been reported for the NaxCoO2 system [36,37]. 
The magnetic anomaly is also detected at x = 0.60. We interpret that the anomaly of the 
x = 0.60 sample is not associated with the transition observed for x = 0.50, 0.67, and 
0.70, because the behavior is apparently different in terms of magnitude and 
temperature. The origin of the anomaly for x = 0.60 is unclear and open to dispute.  
 
With Li contents close to x = 1, LixCoO2 has been regarded as a band insulator [19]. 
A recent work by Ménétrier et al. [38] has demonstrated that highly stoichiometric 
Li1CoO2 exhibits a very early insulator to metal transition upon Li de-intercalation not 
at x = 0.94 but at x = 1−ε (ε << 1). This result implies that the lowest boundary of the 
O3-R1 phase is highly sensitive to the concentration of crystal defects.  
 
There are earlier reports on the magnetism and electronic structure of CoO2 and 
LixCoO2. Mukai et al. investigated the magnetic phase diagram of LixCoO2 (x = 0.1 – 
1.0) by means of muon-spin spectroscopy and susceptibility measurements [30]. We 
emphasize that several important aspects are missing in their phase diagram: they 
reported neither the magnetic critical point at xc = 0.35 ~ 0.40 nor the development of 
spin fluctuations in the low x regime. Also, the authors did not recognize the abrupt 
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change in the electronic structure between LixCoO2 and CoO2. Due to the lack of these 
aspects, the phase diagram given in Ref. [30] is much simpler than ours. On the other 
hand, Hertz et al. reported magnetic properties of LixCoO2 with Li contents 0.5 < x < 
1.0 [39]. They found that all of Li-deficient samples show a Curie-Weiss behavior, 
indicating the existence of local cobalt moments in their samples. This finding is in 
good agreement with our observations in the present study, although the μeff values in 
Ref. 39 are rather larger than ours. They also claimed that in samples with x ≈ 0.7 the 
magnitude of μeff per CoIV is consistent with the theoretical spin-only value of low-spin 
CoIV, but this conclusion is based on a miscalculation of μeff, as pointed out in Ref. [38].  
 
 
IV-2. Comparison to the NaxCoO2 system 
 
Despite the similarity in LixCoO2 and NaxCoO2 with respect to the magnetic critical 
point, two quantitative differences can be pointed out between the two systems. First, 
the critical point xc is smaller in LixCoO2 than NaxCoO2, i.e. xc = 0.35 ~ 0.40 and ≈ 0.5 
in the former and the latter, respectively. A recent investigation by Yoshizumi et al. 
demonstrated [40] that the critical point xc in NaxCoO2 lies between 0.58 and 0.59. 
Yokoi et al. also claimed [41] that the critical point is situated at about 0.60. In LixCoO2, 
on the other hand, a low-temperature upturn is still prominent around this composition 
(see the data of x = 0.50 and 0.60 in Fig. 6). Second, μeff is different in magnitude 
between LixCoO2 and NaxCoO2. In the former, the magnitude of μeff (= 0.28 ~ 0.35 
μB/CoIV) is much smaller than the theoretical spin-only value of CoIV (= 1.73 μB), while 
in the latter the μeff value is consistent with a spin-1/2 local-moment population equal to 
the CoIV concentration [7]. Since these two systems contain the triangular CoO2 block in 
common, these differences are believed to originate from modifications in the crystal 
structure.  
 
Yoshizumi et al. proposed a possible interpretation for the critical point (xc) in 
NaxCoO2 [40]. According to their argument, the critical point corresponds to a 
characteristic Na content at which the topology of the Fermi surfaces (FS) substantially 
changes, leading to large modifications in the electronic properties. Previous band 
calculations indicated the existence of a dip structure around the Γ point in the a1g band 
[42,43]. Then, it is likely that at x = xc the Fermi level touches the bottom of the dip 
exactly at the Γ point, as depicted in Fig. 5 in Ref. [40]. One expects that for x < xc only 
a single cylindrical FS exists, while for x > xc an additional small electron pocket should 
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appear around the Γ point. Thus, the anomalous electronic properties in the Curie-Weiss 
regime are attributed to the emergence of this small electron pocket. Based on this 
scenario, it is reasonable to consider that the xc value depends on the crystal structure, 
since the band structure is sensitively related to the local environment of CoO6 
octahedra. We thus speculate that the different xc values in LixCoO2 and NaxCoO2 are 
due to slight changes in the local structure in the CoO2 block. The difference in the local 
structure was indeed reported: it was found that CoO6 octahedra in LixCoO2 are less 
distorted than those in NaxCoO2 [44]. Theoretical studies on the electronic structure of 
LixCoO2 are highly desirable, in order to prove the above argument.  
 
For LixCoO2, the μeff value in the Curie-Weiss regime is much smaller than the 
theoretical spin-only value of CoIV. Also, the Weiss temperature is small in magnitude, 
i.e. Θ = −1 ~ −5 K, being in sharp contrast to large negative values in NaxCoO2: Θ = 
−156 K and −99 K for x = 0.59 and 0.70, respectively [40]. These facts imply that the 
electron correlation effect is weaker in LixCoO2. Nevertheless, it should be noted that 
LixCoO2 also exhibits large thermoelectric power and metallic conductivity 
simultaneously [19]: the property is obviously unusual, although the electron correlation 
effect is less prominent in LixCoO2. We believe that physics in the “Curie-Weiss metal” 
in LixCoO2 is essentially identical to that in NaxCoO2. Then, a question arises: what is 
the origin of the quantitative differences in the magnetic properties between the two 
systems? We suggest that the dimensionality of the electronic structure plays an 
important role. The crystal of LixCoO2 is more three-dimensional than that of NaxCoO2 
due to its shorter interlayer Co-Co distance, i.e. dCo-Co = 4.7 – 4.8 Å and 5.4 – 5.5 Å for 
the former and the latter, respectively. It is likely that the weakened electron correlation 
in LixCoO2 is a consequence of the more three dimensional electronic structure. The 
importance of the dimensionality is also suggested by the experimental fact that the 
CoO2 phase does not show any indication of electron correlations [16]. Theoretical 
investigations are thus urgent to elucidate how the μeff and Θ values vary along with the 
electron correlation effects.  
 
Finally, we comment on the absence of any electronic phase transition in the vicinity 
of x = 2/3 in NaxCoO2, contrary to general expectation for a triangular lattice. Chou et al. 
reported [11] that there is a strong tendency of Na ion ordering at x = 0.71 with a large 
superstructure consisting of 12 unit cells. Thus, it is suggested that such a stable Na-ion 
superstructure still survives around x = 2/3, and a Coulomb potential due to long-range 
Na-ion order highly prevents the formation of charge ordering in the CoO2 block. This 
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is not the case of LixCoO2, in which no indication of Li ion ordering is evidenced 
around x = 2/3 [21]. From these facts, we think that the CoO2 block in NaxCoO2 is more 
strongly perturbed by the neighboring Na ion block. In other words, LixCoO2 may be a 
more appropriate system than NaxCoO2 for investigations on true physics in the 
triangular CoO2 lattice.  
 
 
V. CONCLUSIONS 
 
The magnetic properties of the layered cobalt oxide system, LixCoO2, were 
systematically investigated in the whole range of Li composition, 0 ≤ x ≤ 1. Based on 
dc-magnetic susceptibility data, combined with results of 59Co-NMR/NQR observations 
[16], the electronic phase diagram of LixCoO2 was established. It was found that the 
phase diagram of LixCoO2 is complex, and the electronic properties are sensitively 
influenced by the Li content (x). As in the related material NaxCoO2, a magnetic critical 
point was found to exist between x = 0.35 and 0.40, which separates a 
Pauli-paramagnetic and a Curie-Weiss metals. The similarity in the magnetic behaviors 
implies that the essential physics may be identical in both the LixCoO2 and NaxCoO2 
systems. In the Pauli-paramagnetic regime (x ≤ 0.35), the antiferromagnetic (AF) spin 
correlations systematically increase with decreasing x. Nevertheless, CoO2, the x = 0 
end member is a non-correlated metal in the whole temperature range studied. The 
disappearance of the electron correlations in CoO2 is believed to originate from the 
abrupt change in the crystal structure. In the Curie-Weiss regime (x ≥ 0.40), on the other 
hand, various phase transitions were observed. For x = 0.40, a susceptibility hump is 
seen at 30 K, suggesting the onset of static AF order. A magnetic jump, which is likely 
triggered by charge ordering, was clearly observed at Tt ≈ 175 K in samples with x = 
0.50 (= 1/2) and 0.67 (= 2/3), while only a tiny kink appears at T ≈ 210 K in the sample 
with an intermediate Li composition, x = 0.60. Despite the similarity in LixCoO2 and 
NaxCoO2 with respect to the magnetic critical point, quantitative differences were found 
between the two systems. It is suggested that the differences are caused by 
modifications in the crystal structure.  
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Table I. The nominal Li content, actual Li content, and crystallographic parameters of 
the LixCoO2 samples.  
Nominal 
Li content (x) 
Actual 
Li content (x) 
Structural 
type 
Space group Lattice 
parameters 
Interlayer 
distance d 
0.0 < 0.01 O1 P-3m1 a = 2.820(0) Å 
c = 4.238(1) Å 
4.24 Å 
0.12 0.12(1) H1-3 R-3m a = 2.821(0) Å 
c = 27.13(0) Å 
4.52 Å 
0.35 0.35(1) O3-R4 R-3m a = 2.809(0) Å 
c = 14.44(0) Å 
4.81 Å 
0.40 0.39(1) O3-R3 R-3m a = 2.810(0) Å 
c = 14.44(0) Å 
4.81 Å 
0.50 0.49(1) O3-M P2/m a = 4.866(0) Å 
b = 2.810(0) Å 
c = 5.058(0) Å 
β = 107.83(0)° 
4.81 Å 
0.60 0.59(1) O3-R2 R-3m a = 2.811(0) Å 
c = 14.35(0) Å 
4.78 Å 
0.67 0.67(1) O3-R2 R-3m a = 2.811(0) Å 
c = 14.31(0) Å 
4.77 Å 
0.70 0.70(1) O3-R2 R-3m a = 2.812(0) Å 
c = 14.28(0) Å 
4.76 Å 
1.0 0.99(1) O3-R1 R-3m a = 2.814(0) Å 
c = 14.05(0) Å 
4.68 Å 
 
18 
 
Figure captions 
 
Fig. 1 (color online).  
Voltage curves of the LixCoO2/Al electrochemical cell as lithium is de-intercalated from 
LiCoO2. The red curve represents cell voltage under an applied current of 0.1 mA, while 
the blue curve is quasi-open-circuit voltage (OCV) recorded when the current is off. The 
Li content (x) of LixCoO2 is calculated based on Faraday’s law.  
 
Fig. 2 (color online).  
The structural phase diagram of the LixCoO2 system based on the OCV experiment. In 
this figure, the x-derivative of OCV, i.e. dV/dx, is plotted against x in order to highlight 
biphasic regions in the phase diagram (see main text).  
 
Fig. 3 (color online).  
X-ray powder diffraction patterns for the LixCoO2 samples. For clarity of the figure, 
only five (i.e. x = 0.0, 0.12, 0.35, 0.50, 1.0) out of the nine samples are selected.  
 
Fig. 4 (color online). 
Temperature dependence of magnetic susceptibility (χ) for the x = 0.0 (i.e. CoO2), 0.12, 
0.35, and 0.40 samples. For clarity of the figure, each χ(T) curve is shifted by 10-3 emu / 
mol Oe.  
 
Fig. 5 (color online). 
χ – T plots for the x = 0.0 (i.e. CoO2), 0.12, 0.35, and 0.40 samples. In each plot, the 
χ(T) values are normalized by the 300-K value.  
 
Fig. 6 (color online). 
Temperature dependence of magnetic susceptibility (χ) for the x = 0.50, 0.60, 0.67, 0.70, 
and 1.0 (i.e. pristine LiCoO2) samples. For clarity of the figure, each χ(T) curve is 
shifted by 10-3 emu / mol Oe.  
 
Fig. 7 (color online). 
Differential scanning calorimetry (DSC) curves for the x = 0.50 and 0.67 samples. In 
this experiment, the samples were first heated from 104 to 283 K, then cooled down to 
104 K with a scan rate of 20 K / min.  
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Fig. 8 (color online).  
(a) The constant susceptibility χ0 for the LixCoO2 samples. (b) The effective magnetic 
moment μeff for the LixCoO2 samples. In this figure, blue circles denote μeff per Co (i.e. 
all the cobalt atoms are considered equivalent), and red squares are μeff per CoIV, 
assuming that only CoIV spins contribute and all other CoIII are nonmagnetic with S = 0.  
 
Fig. 9 (color online).  
The electronic phase diagram of the LixCoO2 system. The diagram has been constructed 
on the basis of the dc-magnetic susceptibility data and the 59Co-NMR/NQR results [16]. 
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